Abstract We retrospectively reviewed plain radiographs from patients with four different diseases that can cause vertebral collapse: osteoporotic vertebral collapse, spinal infection, spinal metastasis, and multiple myeloma. The objective of the study was to find the percentages of intravertebral vacuum phenomena and vertebral collapse rates in the four groups. The vacuum phenomenon is often observed in osteoporotic compression fractures. However, these phenomena are rarely seen in spinal infection and malignant lesions. Whether the vacuum phenomenon is a benign indicator is not known. We retrospectively reviewed plain radiographs from four groups of patients, including 328 osteoporotic vertebral collapse patients, 317 spinal infection patients, 302 spinal metastasis patients, and 325 multiple myeloma patients. The pattern and occurrence rates of intravertebral vacuum phenomena and vertebral body collapse were analyzed. The occurrence rate of intravertebral vacuum phenomena in patients with osteoporotic vertebral collapse was approximately 18.9%. Only one case of intravertebral vacuum phenomena was observed in patients with spinal infection. Vacuum phenomena were not observed in patients with spinal metastasis. The occurrence rate of intravertebral vacuum phenomena in patients with multiple myeloma was 6.4%. The patterns of intravertebral vacuum phenomena were also analyzed. Intravertebral vacuum phenomena are common in patients with osteoporotic vertebral collapse. Most cases of intravertebral vacuum phenomena are of a benign nature. Moreover, intravertebral vacuum phenomena occur extremely rarely in patients with spinal infection. Such phenomena are also found in patients with multiple myeloma.
Introduction
Osteoporotic vertebral fractures are a common disease in clinical practice. Most fractures heal with conservative treatment, but some may develop into nonunion or pseudoarthrosis. In plain radiographs of vertebral body pseudoarthrosis, the fracture sites often present gas accumulation; this phenomenon is termed the vacuum phenomenon or the vacuum cleft sign [1] [2] [3] . Vacuum phenomena often appear as intravertebral radiolucent shadows that are typically band like or linear in shape and are often accompanied by peripheral sclerosis.
The vacuum phenomenon is a common finding in degenerative intervertebral disc [4, 5] . Many studies have demonstrated that intradiscal vacuum phenomena may also occur in pyogenic discitis, especially with gas-forming organisms [6] [7] [8] . Intravertebral vacuum phenomena may also be seen in benign vertebral compression fracture. However, whether intravertebral vacuum phenomena with vertebral collapse represent a benign lesion is controversial. Some studies have demonstrated that intravertebral vacuum phenomena are a benign sign [3, [9] [10] [11] [12] [13] , and others have reported the occurrence of spinal malignancies (especially multiple myeloma) with vertebral collapse in patients with vacuum phenomena [14] [15] [16] . The exact frequencies with which intravertebral vacuum phenomena occur in patients with osteoporotic vertebral fracture, spinal infection, and malignant metastasis are still not well established. However, Lane et al. [17] have reported a rate of 11.4% of osteoporotic vertebral fractures with opacified clefts as seen on pre-operative radiographs of patients who underwent vertebroplasty, excluding those who had opted for other non-operative methods of treatment.
The main purpose of this study was to determine the following: (1) the frequency of intravertebral vacuum phenomena in patients with symptomatic osteoporotic vertebral fractures; (2) the percentage of intravertebral vacuum phenomena in patients with spinal infections and the pattern of these phenomena compared with those of patients with benign osteoporotic vertebral fractures; (3) whether vacuum phenomena exist in patients with spinal metastatic tumors with vertebral collapse; and (4) the incidence of vacuum phenomena in patients with multiple myeloma with vertebral collapse.
Materials and methods
We retrospectively and consecutively reviewed plain radiographs of four groups of patients with different diseases that can cause vertebral collapse. Two senior doctors, an orthopedic doctor (Chang) and a radiologist (Wu), reviewed all the radiographs independently. The presence of intravertebral vacuum phenomena was determined by consensus. Only if both reviewers agreed was the presence of intravertebral vacuum phenomena determined. Kappa reliability coefficients were used to assess interobserver reliability.
Group 1: patients with osteoporotic vertebral fractures. We reviewed the medical charts and plain radiographs of 328 consecutive patients (male 146, female 182, mean age 70.9 years) with 472 levels of osteoporotic vertebral fractures (mean 1.43 levels, range 1-6; Table 1 ), who suffered from back pain, and who had visited and were treated in the clinics of all the departments of our hospital between January and April of 2006. The average dual energy X-ray absorptiometry (DEXA) value of the patients was -2.81 (range -1.5 to -5.1). All patients had previously received medical treatment for their osteoporosis (calcium and vitamin D, and raloxifene, biphosphonate, calcitonin, or teriparatide). The patients had at least one level of vertebral collapse of the spine, which was observed upon analysis of their plain radiographs (anterior-posterior view and lateral view, taken in the supine position). Vertebral collapse was defined as a decrease in height of more than 20% of the anterior, middle, and/or posterior one-third of the vertebral body. Vertebral collapse was determined by measuring the difference in height of the diseased vertebral body as compared to the average height of the adjacent normal vertebral bodies. The incidence of vertebral collapse and vacuum phenomena (defined by the presence of intraosseous gas accumulation in the collapsed vertebral body, as seen in both the anterior and posterior view) was calculated. The patterns of intraosseous gas accumulation in the vertebral body were also analyzed. Interobserver reliability of agreement of the patterns was also evaluated. Group 2: patients with spinal infection. We reviewed the medical charts and plain radiographs of 317 consecutive patients who had primary spinal infection and had been treated in our hospital (including the departments of orthopedics, neurosurgery, infectious disease, internal medicine, etc.) between January 2001 and December 2007. All patients had confirmed diagnoses of primary spinal infection upon admission or during hospitalization and included 281 cases of pyogenic spondylitis and 36 cases of tuberculous spondylitis. All patients in this group were confirmed by: (1) endplate destruction with disc space narrowing, with or without vertebral body collapse in plain radiographs; (2) signal change in the involved disc and adjacent vertebral body, with paraspinal abscess and postcontrast rim enhancement; (3) vertebral biopsy showing destruction of the disc or endplate, and proven infiltration of neutrophils or lymphocyte, or granulomatous change in TB cases; (4) biopsy culture or blood culture with positive results of bacteria or tuberculous infection. The incidence of vertebral collapse and vacuum phenomena was analyzed as described for patients with osteoporotic vertebral fractures.
Group 3: patients with spinal metastasis. Between January and December of 2006, medical charts and plain radiographs of 302 hospitalized patients (175 male, 127 female) with confirmed spinal metastasis were reviewed. The tumor type, the incidence of vertebral collapse, and occurrence rate of intravertebral vacuum phenomena among these patients were analyzed as described for patients with osteoporotic vertebral fractures. The number of levels involved was determined by whole body bone scan and/or MRI. The diagnosis was confirmed based on: (1) other organ malignancy with confirmed tissue diagnosis; (2) typical image findings of spinal metastasis such as multi-level and skip lesions in the vertebral bodies with/ without cord compression, posterior element involvement, and paraspinal soft tissue mass without signs of spinal infection such as paraspinal abscess, and disc destruction in plain radiographs and MRI.
Group 4: patients with multiple myeloma. Between January 2002 and December 2006, the medical charts and plain radiographs of 325 consecutive hospitalized patients (including new onset and previously diagnosed patients, who were admitted to our hospital) with confirmed diagnoses of multiple myeloma were reviewed. The incidence of vertebral body collapse and the pattern and incidence of intravertebral vacuum phenomena among these patients were analyzed as described for patients with osteoporotic vertebral fractures. The diagnosis followed the criteria of the International Myeloma Working Group for symptomatic myeloma. The diagnoses were confirmed by a series of clinical examinations and investigations, including laboratory studies with findings of monoclonal protein in the urine or serum, plain radiographs or MRI images showing multiple lytic lesions in the skull, long bone and vertebra, and bone marrow biopsy showing clonal plasma cells and evidence of organ damage related to plasma cell disorder. In this group, the Tc 99m bone scan is usually silent, and MRI was not routinely used for screening these patients. As a result, precise evaluation of the number of levels of disorder involved and the collapse rate could not be done. We could only compare the frequency of intravertebral vacuum phenomena per fracture level to that of the other three groups.
Statistical analysis
The demographics of patients in each group were analyzed using the Chi-square method. Age was analyzed using the ANOVA test. The number of vertebral bodies and collapse rate in the first three groups were compared. The rate of presence of vacuum phenomena per fracture level was compared using chi-square method. Significance was defined as p \ 0.05. Interobserver reliability in the presence and pattern of vacuum phenomena was evaluated using kappa coefficients (strength of agreement defined as \0 poor, 0.01-0.2 slight, 0.21-0.4 fair, 0.41-0.6 moderate, 0.61-0.8 substantial, and 0.81-1 almost perfect) [18] .
Results
In the first group, 356 out of 472 fractures (75.5%) were at the thoracolumbar junction (T11 to L2). Among the 472 collapsed fractures, 89 levels (18.86%) presented with intravertebral vacuum phenomena. These 89 levels were observed in a total of 86 patients. A total of 76 (85.4%) vacuum phenomena occurred at the thoracolumbar junction (T11 to L2). Only three patients showed the presence of vacuum phenomena at two levels.
The vacuum phenomena observed were categorized into five patterns, according to the shape of their air distribution: linear type (dense gas accumulation was evenly and continuously distributed in the vertebral body with a thickness of less than 4 mm), band type (dense gas distribution similar to that of the linear type, but with a thickness of more than 4 mm), cloud type (linear or band like with an uneven distribution or irregular shape), triangular type (displayed gas accumulation in the anterior half of the vertebral body with a triangular distribution), and multiple linear type (several lines of gas accumulation but without continuous distribution) (Figs. 1, 2) . Overall, 43 out of 89 vacuum phenomena were of the linear type, 15 were of the band type, 15 were of the cloud type, 9 were of the multiple linear type, and 6 were of the triangular type (Table 1) . It is important to note, however, that most of the lesions found in this group presented sclerotic changes at the fracture site.
In the 317 patients of the second group, 647 vertebral bodies were identified. Among this group, 124 patients (93 with pyogenic spondylitis and 31 with tuberculous spondylitis) had 167 combined vertebral body collapses (patients with pyogenic spondylitis had 124 levels and those with tuberculous spondylitis had 43 levels). The collapse rate was 21% for patients with pyogenic spondylitis versus 58% for patients with tuberculous spondylitis. Only one patient with tuberculous spondylitis had an intravertebral vacuum phenomenon (Table 1) . However, the patterns of the vacuum phenomenon in this patient were different from those seen in patients with osteoporotic vertebral fractures (Figs. 3, 4) . The distribution of gas observed within the involved vertebral body was uneven and displayed a bubble-like pattern. Most distinctively, the gas extended into the paravertebral soft tissue, which was not observed in any of the patients with benign osteoporotic vertebral fractures.
In the third group, 302 patients with spinal metastasis presented with 810 vertebral body involvements. The primary origins of the observed malignancies included 109 cases of lung cancer, 56 cases of prostate cancer, 48 cases of breast cancer, 14 cases of hepatocellular carcinoma, 12 cases of colon cancer, 6 cases of urothelial cancer, 6 cases of nasopharyngeal cancer, 8 cases of renal cell carcinoma, 7 cases of rectal cancer, 5 cases of cervical cancer, 4 cases of pancreatic cancer, 2 cases of gastric cancer, 1 case each of other kinds of cancer such as invasive schwannoma, fibrous histiocytoma, and synovial sarcoma, and finally 8 cases of unknown origin. A total of 54 vertebral bodies, found in 38 patients, showed vertebral body collapse. However, none of the collapsed bodies identified presented vacuum phenomena.
In the fourth group of 325 patients with confirmed multiple myeloma, 125 vertebral bodies in 73 patients were collapsed. Eight vertebral bodies in 8 patients (8/325 patients, 2.4%) and in 125 levels (8/125 levels, 6.4%) presented vacuum phenomena. The involved vertebral bodies were T11 (1 case), T12 (2 cases), L1 (4 cases), and L3 (1 case). The pattern of gas distribution was of the linear type in four lesions, the cloud type in three lesions, and of the band type in one lesion. All lesions presented sclerotic changes at the fracture sites. Among this group, four patients were initially diagnosed as having benign osteoporotic vertebral fractures and were treated with vertebroplasty. There were no postoperative complications from vertebroplasty in these patients. The pattern of vacuum phenomena observed in this group was very similar to that seen in patients with benign osteoporotic vertebral fractures and the pattern was impossible to differentiate between the two groups (Fig. 5) . The collapse rates of four groups were significantly different (p \ 0.001). The rates of presence of intravertebral vacuum phenomena in the four groups were significantly different (p \ 0.001). The kappa value of interobserver reliability was 0.967 for the presence of the intravertebral vacuum phenomena, and 0.753 for pattern classification.
Discussion
As seen from the results of the current study, vacuum phenomena may not be a definite indicator of benign lesions. However, most vacuum phenomena occur in benign osteoporotic vertebral fractures. Vacuum phenomena caused by spinal infection or metastasis are extremely rare, as we found only one lesion in one patient with infection and none in patients with metastasis. Although rare (2.4% per person, and 6.4% per fracture level), multiple myeloma can cause vacuum phenomena when vertebral collapse occurs.
In the present study, we evaluated intravertebral vacuum phenomena by the evaluation of plain radiographs only. CT scans may have a higher sensitivity for the differentiation of gas than do X-rays, as observed in the evaluation of degenerated discs by CT scan. However, the present study used only plain X-ray and MRI for lesion evaluation because plain X-ray is routinely used in clinical practice, while MRI is the modality of choice in the differential diagnosis among osteoporotic fracture, spinal infection, and other malignancy. On the other hand, all medical expenses are covered by government insurance in our country. It is impossible to routinely perform both CT scan and MRI for all those patients; also, it is difficult to appreciate the vacuum phenomena in MRI.
The differences in vacuum phenomena observed between patients with benign osteoporotic vertebral fractures and infection or metastasis may be due to several factors. First, vertebral collapse during infection or metastasis may actually represent bony destruction or erosion, but not a real fracture, which usually has two or more fracture fragments. Therefore, the opening-closing mechanism may not occur in a collapsed vertebral body, thereby preventing the formation of negative pressure. Second, tissue inflammation during an active infection may promote continuous and dynamic tissue expansion, which may induce fluid accumulation and tissue swelling. Positive, but not negative, pressure may occur at the lesion site. A similar situation may occur in rapidly growing tumor tissue. Hence, vacuum phenomena do not occur easily in collapsed vertebral bodies caused by infection or metastasis. In the present study, only one patient in the infection group presented with vacuum phenomena. This patient suffered from tuberculous spondylitis that involved Fig. 3 An 84-year-old male with tuberculous infection. A unique pattern of intravertebral vacuum phenomena was found. Gas accumulation extends into the soft tissue (arrow) Fig. 4 Computed tomography of the same patient who showed gas accumulation in the prevertebral soft tissue, which was compatible with findings in plain radiographs (arrow). T2-weighted image of MRI shows paravertebral pus formation (arrowhead) the anterior and central aspects of the L1 vertebral body. Initially, however, this patient was diagnosed with a benign osteoporotic vertebral fracture, because the upper and lower end plates of the vertebral body appeared intact and an intraosseous vacuum was observed in the plain X-ray. However, paravertebral abscesses could be seen in an axial view by MRI. The mechanism that caused the appearance of vacuum phenomena in this case is unclear. It is thought that tuberculous spondylitis has a more chronic clinical course than does pyogenic infection [19] . When tuberculous infection primarily involves the central region (central-type tuberculous spine) and the intact upper and lower end plates of the vertebral body, a similar flexion-extension motion to that seen in benign vertebral fractures is observed. In such cases, gas accumulation may rarely occur. However, upon review of the plain X-rays, vacuum phenomena appear bubble-like and widely distributed in peripheral tissues (Fig. 3) . The pattern of this particular vacuum phenomenon was different from that of the usual vacuum phenomena observed, which are commonly linear or band-like and are evenly distributed with peripheral sclerosis (Fig. 1) . Several case reports have demonstrated that intradiscal vacuum phenomena occur in the spine during infection [6] [7] [8] . The pattern of gas accumulation also appeared uneven, similar to the tuberculous spondylitis case we presented. Some groups have suggested that the gas observed in vacuum phenomena may be produced directly by gasforming organisms [8] . Therefore, caution should be taken when abnormal patterns of vacuum phenomena are identified, by performing additional imaging studies and analyzing indicators of infection such as C-reactive protein (CRP) levels prior to surgical intervention for those lesions. Metastatic tumors of the spine are thought to be composed of solid soft tissue, which may have a rich arterial blood supply. The composition of such tumors makes it difficult to create negative pressure within the tissue, in spite of vertebral body collapse.
Few cases of vacuum phenomena have been identified in patients with multiple myeloma. It is uncertain whether fractures are caused directly by multiple myeloma or whether multiple myeloma creates a situation of osteoporosis resulting in collapse of the vertebral body, as observed in benign osteoporotic fractures. Another possibility is that patients with multiple myeloma coincidentally present with osteoporosis, which may cause vertebral fractures. No matter which possibility is correct, the vacuum phenomena observed in multiple myeloma were similar to those observed in osteoporotic vertebral fractures, making it difficult to differentiate between these two types of vacuum phenomena. This similarity caused the initial misdiagnosis or delayed diagnosis of four patients with multiple myeloma, who were treated with vertebroplasty prior to confirming a diagnosis of multiple myeloma.
Even though vertebral body collapse caused by multiple myeloma can often be misdiagnosed as osteoporotic vertebral fracture, many reports have shown that the pain caused by vertebral body collapse in multiple myeloma can still be managed safely and effectively with vertebroplasty [20, 21] .
In summary, intravertebral vacuum phenomena are commonly observed in patients with osteoporotic vertebral fracture, in some patients with multiple myeloma and rarely in spinal infection. However, the pattern of vacuum phenomena in spinal infection is different from that in other diseases. Caution should be taken when an unusual Fig. 5 A 75-year-old man with multiple myeloma. Band-type intravertebral vacuum phenomenon was present in the L3 vertebral body pattern of intravertebral vacuum phenomena is observed, and further studies, such as MRI or CT-guided biopsy, may be necessary before planning further treatment.
